A lthough ≈25% of patients with ischemic stroke become aware of stroke on awakening from sleep, international guidelines do not permit intravenous thrombolysis in these patients because of insufficient evidence of safety and efficacy.
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Materials and Methods

Subjects and Study Design
The records of patients with ischemic stroke who visited the emergency department of Asan Medical Center within 6 hours of FAT between March 2007 and December 2008 were reviewed retrospectively. Patients aged >20 years with an ischemic lesion confirmed on DWI that was performed within 6 hours of FAT were included. COS was defined as a stroke with FAT identical to the last-known normal time (LNT), and UnCOS was defined as stroke with a discordance between LNT and FAT. Although the pathophysiology may differ between WUS and daytime unwitnessed stroke, we classified both as UnCOS, as they are both excluded from thrombolysis and are of similar clinical importance. 1 Clinical data were obtained from a prospectively collected registry. Demographic characteristics, conventional risk factors for stroke, and the National Institutes of Health Stroke Scale (NIHSS) score on admission were obtained. Ischemic stroke pathogenesis was classified as (1) cardioembolism, (2) large artery atherosclerosis, (3) small vessel occlusion, (4) undetermined, or (5) two or more of these mechanisms or other mechanisms according to the Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification. 12 The time from FAT to MRI (FAT-MRI time) and the time from LNT to MRI (LNT-MRI time) were obtained. In the cases indicated for thrombolysis among patients with COS, intravenous thrombolysis was performed after noncontrast computed tomography and before the MRI. The Institutional Review Board of the Asan Medical Center approved this study. Informed consent was not obtained because of the retrospective design.
Imaging Protocol and Analysis
Patients received a 1.5-T MRI scan (Signa; GE Medical Systems, Milwaukee, WI) that included DWI, PWI, FLAIR images, and magnetic resonance angiography of intra-and extracranial arteries. DWI was obtained by a single-shot spin-echo echo-planar imaging technique with repetition time of 7500 ms, echo time of 84 ms, a matrix number of 128×128, and two b values of 0 and 1000 s/mm 2 . FLAIR image was acquired from a fast-spin echo sequence with repetition time/echo time of 9000/100 ms, an inversion time of 2500 ms, and a 256×224 matrix. PWI was acquired with a bolus of gadolinium-based contrast. Mean transit time was used to judge the lesion volume with perfusion defect and was calculated using time-concentration curve analysis as the first moment of the time concentration curve divided by the zero moment without deconvolution or arterial input function.
Two experienced stroke neurologists (B.J.K. and H.J.K.), who were blinded to clinical information including the clearness of onset time, performed all image analysis. However, as DWI and FLAIR images were analyzed together, the presence of ischemic lesions on FLAIR images was judged with knowledge of the presence of lesions on DWI. FLAIR images were categorized as negative (no hyperintensity at all within the region corresponding to the DWI lesion), subtle (hyperintensity that could not have been identified without reference to the DWI lesion), or complete (hyperintense lesion within the region corresponding to the DWI lesion). Lesion conspicuity on FLAIR is subjective and the inter-rater agreement is low, especially for subtle FLAIR hyperintensity lesions 11 ; therefore, positive DWI-FLAIR mismatch was restricted to FLAIR-negative images. PWI-DWI mismatch was assessed visually and defined if the hypoperfusion lesion on the mean transit time map was 1.2× larger than DWI lesion. If any discrepancies were encountered in DWI-FLAIR or PWI-DWI mismatches between the 2 investigators, a third investigator (D.W.K.) was consulted to resolve the issue.
Statistical Analysis
Baseline characteristics and clinical variables were compared between patients with UnCOS and COS. Considering the time window of thrombolysis in COS, patients who received MRI within 3 and 4.5 hours of FAT were identified, and the proportion of patients with DWI-FLAIR mismatch was compared between UnCOS and COS. Patients were classified according to FAT-MRI time (≤2, 2-3, 3-4, 4-5, and 5-6 hours), and the proportion of patients with DWI-FLAIR and PWI-DWI mismatch was compared between UnCOS and COS for each time window. The differences in age, NIHSS score, and the time between LNT and FAT (LNT-FAT) according to FAT-MRI times were analyzed. Trend analysis was performed to verify the association between FAT-MRI time and DWI-FLAIR or PWI-DWI mismatch, using linear-by-linear association in a χ 2 test, in the entire population. Student t tests, χ 2 tests, and ANOVA were performed appropriately for categorical and numeric variables, respectively. In addition, binary logistic regression analysis was performed to identify the clinical and imaging factors associated with DWI-FLAIR mismatch. The pathophysiologic mechanism of WUS differs from that of daytime unwitnessed stroke; therefore, the clinical and imaging variables were also compared between the subset of patients with UnCOS and WUS and patients with COS. A 2-tailed P<0.05 was considered statistically significant. All statistical analyses were performed using SPSS for Windows (version 17.0; SPSS Inc).
Results
During the study period, 331 patients arrived at the emergency department within 6 hours of FAT and were screened for inclusion in this analysis. FAT-MRI time was <6 hours in 272 patients. Seven in-hospital patients with stroke and 6 DWI-negative patients were excluded, and the remaining 259 patients were included in the final analysis. One hundred fourteen patients presented as UnCOS, and 145 patients were classified as COS. Of the 114 patients with UnCOS, 64 woke-up with stroke symptoms and were classified as WUS, and 50 were classified as daytime unwitnessed stroke. One hundred four patients with COS arrived at emergency room within 3 hours from symptom onset: of those, 33 patients (31.7%) received intravenous thrombolysis (Results in the online-only Data Supplement).
Baseline Characteristics of UnCOS and COS
Patients with UnCOS were significantly older (68.3±11.2 versus 63.9±12.9 years; P=0.04) and had more severe stroke at baseline (NIHSS score, 11.07±6.58 versus 5.88±6.52; P<0.001) than patients with COS (Table 1 ). There were no differences in sex, conventional risk factors, and stroke subtypes between patients with UnCOS and COS ( Table 1 ). The LNT-MRI time was longer in patients with UnCOS (588±553 versus 201±81 minutes; P<0.001) than in patients with COS. However, there was no difference in FAT-MRI time (197±76 versus 201±81 minutes; P=0.47).
In the comparison of each time window, age was not different across the time windows, but NIHSS score was higher in earlier FAT-MRI time windows in patients with COS (P=0.03, Table 2 ). The LNT-FAT in UnCOS group did not show a significant difference across the time windows; however, patients included in ≤2-hour FAT-MRI time window demonstrated the smallest mean and SD.
Comparison of MRI Biomarkers Between UnCOS and COS
The proportion of patients with UnCOS and DWI-FLAIR mismatch was lower than the proportion of patients with COS and DWI-FLAIR mismatch on MRI obtained ≤3 and ≤4.5 hours after FAT. However, it did not differ when subtle FLAIR change was included in DWI-FLAIR mismatch (Table 1) . Only 1 patient had FAT-MRI time ≤1 hour; therefore, the ≤1-and 1-to 2-hour FAT-MRI time groups were combined. In the entire population of patients, the proportion of patients with DWI-FLAIR mismatch decreased as FAT-MRI time increased (linear-by-linear association in a χ 2 test; P<0.001). When FAT-MRI time was ≤2 hours, DWI-FLAIR mismatch was observed in half of all patients, with no significant difference between patients with UnCOS and COS (50.0% versus 51.5%; P=0.92; Figure) . From the results of binary logistic regression analysis, initial NIHSS score and FAT-MRI time were significantly associated with DWI-FLAIR mismatch. The clearness of onset (UnCOS versus COS) was marginally associated with DWI-FLAIR mismatch (P=0.07; Table I 
Discussion
This study investigated the differences in imaging biomarkers, particularly DWI-FLAIR mismatch, between UnCOS and COS. As expected, the proportion of patients with DWI-FLAIR mismatch decreased as FAT-MRI time increased, and DWI-FLAIR mismatch was more commonly observed in patients with COS than in patients with UnCOS on MRI that were obtained within 3 or 4.5 hours of FAT. However, the proportion of patients with DWI-FLAIR mismatch was not different between UnCOS and COS on MRI obtained within the first 2 hours of FAT. According to the results of the hourly analysis, the proportion of patients with UnCOS and DWI-FLAIR mismatch decreased sharply when MRI was obtained >2 hours after FAT, and significant differences between patients with UnCOS and COS were apparent at FAT-MRI times beyond 2 hours. 
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Patients with UnCOS were older and had more severe neurological dysfunction than patients with COS. These findings are consistent with some previous reports, 13, 14 but contradictory to others, 3 therefore, the difference in clinical characteristics between patients with UnCOS and COS remains unclear. Our findings support those of a previous study that showed no difference in PWI-DWI mismatch between UnCOS and COS. 2 In addition, we showed that, in contrast to DWI-FLAIR mismatch, the proportion of patients with PWI-DWI mismatch did not decrease as the time from symptom onset increased. PWI do not directly reflect the pathology of brain parenchymal tissue, rather they are associated with the hemodynamic status 15 ; therefore, PWI-DWI mismatch may be insensitive to time from stroke onset. By contrast, the FLAIR signal represents the vasogenic edema of the brain parenchyma, and its signal intensity increases serially. Hypodense lesions observed on computed tomographic images were associated with the net water uptake of brain tissue itself and demonstrated a continuous decrease of attenuation during the first 6 hours after stroke. 16 Lesion appearance on computed tomographic and FLAIR images shares a common pathophysiology; therefore, the serial changes in FLAIR images would be expected to follow the course of computed tomographic hypodensity. Our results demonstrated that the proportion of patients with DWI-FLAIR mismatch decreased as time after stroke onset increased. Therefore, DWI-FLAIR mismatch may be a useful imaging biomarker for determining the onset of ischemic stroke. It seems reasonable to use the 2 mismatch concepts together, with PWI-DWI mismatch representing the salvageable tissue and DWI-FLAIR mismatch serving as a surrogate marker for time of stroke onset and to inform the use of thrombolysis in UnCOS.
Hyperintense lesions on FLAIR images appear more gradually than DWI lesions in ischemic brain tissue. 17 However, the exact speed with which lesions appear is not yet known. According to the previous studies, DWI-FLAIR mismatch decreased with the mean speed of 8.1%/h from the PRE-FLAIR study, 5 9.5%/h, 18 and 13.2%/h. 4 Our results correspond well with those previous results by demonstrating a 10.7% decrease every hour in DWI-FLAIR mismatch in patients with COS. UnCOS demonstrated a sudden decrease of 33.9% in DWI-FLAIR mismatch from ≤2-hour window to 2-to 3-hour window. The mean of LNT-FAT was shortest and the NIHSS score was highest in ≤2-hour time window. The similarity of DWI-FLAIR mismatch pattern in this time window between UnCOS and COS may be partly explained by the fact that patients with UnCOS with more severe symptoms were referred earlier to the hospital. Results are expressed as number (%). P value represents the difference between UnCOS and COS in DWI-FLAIR or PWI-DWI mismatch in each time window. COS indicates clear-onset stroke; DWI, diffusion-weighted image; FLAIR, fluidattenuated inversion recovery; PWI, perfusion-weighted image; and UnCOS, unclear-onset stroke. Delayed use of thrombolytics and delayed recanalization are associated with increased intracranial hemorrhagic complications and high mortality. 19 Therefore, identifying and selecting the appropriate patients with UnCOS for thrombolysis are of great importance. 20 Usually, the LNT is used to determine the appropriateness for thrombolysis. 21 Although LNT-MRI time was longer in patients with UnCOS than in patients with COS, the proportion of patients with DWI-FLAIR mismatch was similar between UnCOS and COS within the first 2 hours after FAT. Therefore, some of the patients with UnCOS may have been treatable with thrombolytic agents, and patients with UnCOS should be considered carefully for reperfusion therapy according to the imaging surrogate markers. Our results may provide useful information to ongoing clinical trials that are investigating the safety and efficacy of thrombolysis in UnCOS. 22 There are some noteworthy limitations to this study. First, this study was retrospective in nature and had a relatively small sample size. Second, to investigate the serial change, patients were categorized into multiple subgroups according to FAT-MRI time, which may cause the problem of multiple comparisons. Third, FLAIR change is more dramatic in patients of younger age and with large ischemic lesions. 5 In the present study, patients with UnCOS were older than patients with COS, but we did not adjust for age before the comparison of DWI-FLAIR mismatch between patients with UnCOS and COS. Forth, the PWI-DWI mismatch was visually assessed, although the presence of mismatch was deduced by agreement of independent investigators. Fifth, the criteria for identifying FLAIR signal changes within DWI lesions are not yet well defined, 23 and the clinical significance of subtle or partial FLAIR changes was not evaluated. Although FLAIR-negative images are most appropriate for evaluating DWI-FLAIR mismatch, partial or subtle changes are frequently observed and may have implications for determining stroke onset. When we expanded the definition of DWI-FLAIR mismatch to include subtle or partial changes on FLAIR images, the statistical difference in the proportion of patients with DWI-FLAIR mismatch between UnCOS and COS disappeared for MRI obtained within 3 hours of FAT and within 4.5 hours of FAT. However, the gap between the proportion of patients with UnCOS and DWI-FLAIR mismatch and patients with COS and DWI-FLAIR mismatch still increased with FAT-MRI times >2 hours ( Figure I in the online-only Data Supplement). Finally, patients for thrombolysis are usually selected by strict criteria; therefore, comparison between patients with COS who received standard thrombolysis and patients with UnCOS who are eligible for thrombolysis except for the time window may give additional information. 24 The DWI-FLAIR mismatch pattern between the 2 groups also did not demonstrate a significant difference (Table III in 
Conclusions
The clinical features and PWI-DWI mismatch were similar between UnCOS and COS, except patients with UnCOS were older and had more severe stroke at baseline. The proportion of patients with DWI-FLAIR mismatch was different between the 2 groups on MRI obtained within 3 and 4.5 hours of FAT.
However, on MRI obtained within 2 hours of FAT, the proportion of patients with DWI-FLAIR mismatch was similar in UnCOS and COS. Therefore, patients with UnCOS within 2 hours of symptom detection should be evaluated carefully by advanced multimodal imaging to determine whether they may benefit from thrombolytic therapy. 
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Supplemental Methods
Additional comparison between clear-onset stroke (COS) patients who received standard thrombolysis and unclear-onset stroke (UnCOS) patients who were eligible for thrombolysis except for the time window was performed. As patients were registered before the results of ECASS-3 (European Cooperative Acute Stroke Study III), the time window for intravenous tissue plasminogen activator (t-PA) was 3 h from last known normal time. We screened UnCOS and COS patients who arrived at the emergency department within 3 h from first found abnormal time (FAT).
Supplemental Results
During the study period, 75 UnCOS patients and 104 COS patients visited the emergency department within 3 h from FAT. Among the 75 UnCOS patients, 35 patients were excluded because of: 1) being assessed after 3 h (n=14), 2) presenting as minor stroke (n=11), 3) low density lesion larger than 1/3 of middle cerebral artery (MCA) territory on computerized tomography (n=4), 4) high international normalized ratio (INR>1.7; n=2), 5) previous history of intracerebral hemorrhage (n=2), and 6) severe stroke (n=2).
Of the 104 COS patients, 71 patients were excluded from standard t-PA thrombolysis because of; 1) presenting as minor stroke (n=41), 2) being assessed after 3 h (n=12), 3) rapidly resolving symptoms (n=7), 4) high INR (INR>1.7; n=3), 5) previous history of recent stroke (n=2) or major surgery (n=2) and 6) other exclusion criteria (n=4). Finally, 40 patients of 75
UnCOS patients who were eligible for t-PA except for the time window, and 33 of 104 patients with COS who received standard t-PA was compared (Supplemental Table III Results are expressed as mean ± SD or number (% column).
UnCOS: unclear-onset stroke, COS: clear-onset stroke, NIHSS: National Institutes of Health Stroke Scale, PWI: perfusion-weighted image, DWI: diffusion-weighted image, FLAIR:
fluid-attenuated inversion recovery
